Basic leucine zipper (bZip) transcription factors regulate cellular gene expression in response to a variety of extracellular signals and nutrient cues. Although the bZip domain is widely known to play significant roles in DNA binding and dimerization, recent studies point to an additional role for this motif in the recruitment of the transcriptional apparatus. For example, the cAMP response element binding protein (CREB)-regulated transcriptional coactivator (CRTC) family of transcriptional coactivators has been proposed to promote the expression of calcium and cAMP responsive genes, by binding to the CREB bZip in response to extracellular signals. Here we show that the CREB-binding domain (CBD) of CRTC2 folds into a single isolated 28-residue helix that seems to be critical for its interaction with the CREB bZip. The interaction is of micromolar affinity on palindromic and variant half-site cAMP response elements (CREs). The CBD and CREB assemble on the CRE with 2:2:1 stoichiometry, consistent with the presence of one CRTC binding site on each CREB monomer. Indeed, the CBD helix and the solvent-exposed residues in the dimeric CREB bZip coiled-coil form an extended protein-protein interface. Because mutation of relevant bZip residues in this interface disrupts the CRTC interaction without affecting DNA binding, our results illustrate that distinct DNA binding and transactivation functions are encoded within the structural constraints of a canonical bZip domain.
Basic leucine zipper (bZip) transcription factors regulate cellular gene expression in response to a variety of extracellular signals and nutrient cues. Although the bZip domain is widely known to play significant roles in DNA binding and dimerization, recent studies point to an additional role for this motif in the recruitment of the transcriptional apparatus. For example, the cAMP response element binding protein (CREB)-regulated transcriptional coactivator (CRTC) family of transcriptional coactivators has been proposed to promote the expression of calcium and cAMP responsive genes, by binding to the CREB bZip in response to extracellular signals. Here we show that the CREB-binding domain (CBD) of CRTC2 folds into a single isolated 28-residue helix that seems to be critical for its interaction with the CREB bZip. The interaction is of micromolar affinity on palindromic and variant half-site cAMP response elements (CREs). The CBD and CREB assemble on the CRE with 2:2:1 stoichiometry, consistent with the presence of one CRTC binding site on each CREB monomer. Indeed, the CBD helix and the solvent-exposed residues in the dimeric CREB bZip coiled-coil form an extended protein-protein interface. Because mutation of relevant bZip residues in this interface disrupts the CRTC interaction without affecting DNA binding, our results illustrate that distinct DNA binding and transactivation functions are encoded within the structural constraints of a canonical bZip domain.
transcription regulation | cellular signaling | protein-protein interaction O riginally identified in the CCAAT-enhancer binding protein (C/EBP) family of activators, the basic leucine zipper (bZip) domain is harbored by a large and diverse family of nuclear factors in both plants and higher organisms (1) . The cAMP response element binding protein (CREB) subfamily of bZip activators [CREB1, activating transcription factor 1 (ATF1), and cAMP response element modulator (CREM)] stimulates cellular gene transcription after its phosphorylation in response to various extracellular hormonal and nutrient cues (2, 3) . Elevations in intracellular cAMP trigger the activation of protein kinase A, which phosphorylates CREB at Ser133 and promotes recruitment of the histone acetyltransferase paralogs CREB binding protein (CBP) and p300, leading to increased target gene expression (4) .
The CREB-regulated transcriptional coactivators [CRTCs, also referred to as transducer of regulated CREB activity (TORC)s or mucoepidermoid carcinoma translocated protein (MECT)s] have recently emerged as a second family of CREB cofactors (5, 6) . Under basal conditions, CRTCs are highly phosphorylated and maintained in the cytoplasm via interactions with 14-3-3 proteins (7) . Increases in cAMP and calcium trigger CRTC dephosphorylation and release from 14-3-3 complexes; CRTCs then translocate to the nucleus, where they mediate CREB-dependent transcription.
The CRTC family comprises three members: CRTC1, CRTC2, and CRTC3. CRTC1 is predominantly expressed in brain, whereas CRTC2 and CRTC3 are abundant in most peripheral tissues (5) . All three proteins potentiate CREB-dependent transcription; besides a role for CRTC1 in long-term memory (8, 9) , both CRTC1 and CRTC3 seem to be important for energy balance (3) . CRTC2 is expressed at high levels in liver, where it promotes glucose homeostasis during fasting by inducing the gluconeogenic program (10) . Sequestered in the cytoplasm under feeding conditions through phosphorylation by the Ser/Thr kinase SIK2, CRTC2 is dephosphorylated in response to pancreatic glucagon during fasting, when it translocates to the nucleus and stimulates gluconeogenic gene expression.
Recent studies support a conserved role for CRTCs through evolution. Deletion of TORC, the single CRTC homolog in Drosophila, reduces fat stores and increases sensitivity to starvation (11) . CRTCs also seem to be important in aging: RNAi-mediated depletion of CRTC1 in Caenorhabditis elegans extends lifespan, in part through down-regulation of the CREB pathway (12) .
Unlike CBP/p300, which bind to the kinase-inducible transactivation domain (KID) of CREB harboring phosphoSer133 (13) , CRTCs have been proposed to activate transcription by associating with the C-terminal bZip domain, which also mediates CREB dimerization and DNA binding (5) . CRTCs have been found to associate with CREB via a conserved N-terminal CREB binding domain (CBD). Indeed, truncated CRTC1 polypeptides containing this N-terminal region seem to function as dominant negative inhibitors of CREB signaling; conversely, fusion of the CBD to unrelated coactivators such as Mastermind converts them into potent CREB cofactors (5, 14) . Here we characterize the interaction between CRTC2 and CREB on DNA using relevant interaction domains. These studies provide a conceptual framework to explain how a classic DNA binding motif also functions as a transactivation domain through its association with a coactivator in response to extracellular signals.
Results

CRTC2
Binds CREB in a DNA-Dependent Manner via an N-Terminal CBD. The N-terminal CBD is encoded by a single exon, which is conserved in all CRTC family members. To establish the minimal CBD in CRTC2, we prepared several recombinant CRTC2 polypeptides and evaluated them for CREB bZip binding in the presence of a cAMP response element (CRE). Binding activity was evaluated via high-resolution size exclusion chromatography (SEC) coupled to a multiangle light scattering (MALS) detection system to characterize the molecular weight of each eluting species. SEC-MALS profiles of CRTC2 polypeptides revealed the formation of a long-lived complex, with all three interacting components coeluting together with shorter retention times than that of the constituent apo-proteins/DNA as well as the CREB bZip:CRE binary complex (Fig. 1A) . Furthermore, the inferred molecular weight of each coeluting species was consistent with a 2:2:1 stoichiometry for the CRTC2:CREB:CRE complex (henceforth designated the ternary complex; Table S1 ). A CRTC2 peptide (amino acids 18-55) was sufficient for stable association with CREB in these assays.
Transcriptional coactivators are generally thought to lack DNA-binding activity; rather they are recruited to the promoter via an association with their transcription factor cognates. Consistent with this notion, we observed no direct interaction between CRTC2 and the CRE, as revealed by SEC experiments in which mixtures of CRTC2 and CRE yielded two separate peaks, with retention times similar to the apo-protein/DNA (Fig. S1) . Mixtures of CRTC2 and CREB bZip also yielded two separate peaks, indicating that the association of CRTC2 with CREB requires DNA (Fig. S2) . Collectively, these results indicate that CRTC2 lacks DNA-binding activity and binds stoichiometric equivalents of CREB in a DNA-dependent manner.
The physiologically relevant CREs targeted by CREB fall broadly into three categories: (i) palindromic CREs like those found in the somatostatin promoter (5′-TGACGTCA-3′), (ii) palindromic (variant) CREs such as those in the G6Pase promoter (5′-TTACGTAA-3′), and (iii) a nonpalindromic 5-bp sequence termed the half-site CRE (5′-TGACG-3′ or 5′-CGTCA-3′ (15) . To quantify the affinity of the CRTC2:CREB interaction and to test whether the stability of the ternary complex differs between these CREB binding sites, we conducted fluorescence anisotropy (FA) assays by titrating fluoresceinated DNA duplexes containing the somatostatin, G6Pase, or half-site CREs with the CREB bZip peptide (Fig. 1B) . The peptide bound all three CREs with affinities (EC 50 ) in the nanomolar range, although binding to the half-site CRE and G6Pase CREs were 6-and 12-fold lower, respectively, than to the somatostatin CRE (EC 50 ∼12 nM; Table S2 ).
Titration of these bZip:DNA complexes with CRTC2 peptides produced additional FA enhancements indicative of the formation of a higher molecular weight ternary complex (on all three CRE sites; Fig. 1B) . Consistent with its inability to bind the CRE directly, titration of CRTC2 with fluoresceinated DNA had no effect on FA (Fig. S3) . A CRTC2 peptide (amino acids 1-55) bound CREB efficiently, although a longer peptide (amino acids 1-116) bound slightly better (Table S1 ). Interestingly, the stability of the CRTC2-CREB interaction was somewhat enhanced on palindromic CREs relative to half-site CRE (∼360-500 nM vs. ∼1.1 μM). Taken together, these results indicate that the principal affinity determinants for CREB binding reside within the N-terminal 55 residues of CRTC2 and that palindromic, variant, and half-site CREs are capable of supporting moderate-affinity interactions between CREB and CRTC2. Note that although a GST tag was used for FA studies of CRTC2 (1-55), no such tag was used for CRTC2 (1-116) for these studies or for any of the CRTC2 peptides in the SEC-MALS studies that could bias the results.
Cysteine Residues Within the CREB bZip Domain Modulate Interactions with CRTC2. The bZip domain of CREB harbors three cysteine residues, two of which (Cys300 and Cys310) are conserved in CREB orthologs and paralogs ( Fig. 2A) . To preclude protein oxidation and cross-linking via cysteine disulfide bridge formation, these cysteine residues have been mutated to Ser in structural studies of the bZip bound to DNA (16) . Unexpectedly, the Cys to Ser triple mutant bZip bound to CRTC2 with substantially diminished affinity compared with the wild-type protein, although DNA binding was not adversely affected ( Fig. 2 A and B and Table S2 ). Cys310 seemed to be critical in this regard: a bZip mutant with serine substitutions at only Cys300 and Cys337 actually had higher affinity for CRTC2 relative to wild-type ( Fig.  2B and Table S2 ).
In contrast to the positive role of Cys310, Cys300 in CREB seemed to negatively regulate the CRTC2 interaction as mutation of Cys300 to Ser increased CRTC2 binding 5-to 10-fold (Fig. 2B) . On the basis of these observations, we tested whether the Cys300Ser substitution also enhances target gene expression in the context of full-length CREB. Overexpression of wild-type HaloTag-tagged CREB in HEK293T cells increased the activity of a CREB-responsive EVX-luciferase reporter, which harbors two half-site CREs, eightfold after exposure to cAMP agonist (forskolin; FSK); these effects were disrupted in cells expressing nonphosphorylatable (Ser133Ala) CREB (Fig. 2C) . Consistent with its effect on CRTC2 interaction, mutation of Cys300 to serine substantially potentiated CREB activity in FSK-stimulated cells relative to the wild-type protein. By contrast, mutation of Arg314 to alanine, which disrupts CREB binding to CRTC2 (see below), correspondingly blocked FSK effects on CREB activity.
Collectively, these results demonstrate that Cys300 and Cys310 modulate CREB activity in part through opposing effects on CRTC2 recruitment.
CBD of CRTC2 Adopts a Functionally Important Monomeric Helical
Conformation in the Crystal. The N-terminal 55-residue segment of CRTC2, deemed the minimal CBD, shows a high degree of sequence conservation within the CRTC family across a broad range of species (Fig. 3) . The CRTC2 segment spanning residues Pro19 to Ile47 is especially well conserved, hinting at important structural and functional roles for this region. To test this idea, we synthesized a CRTC2 peptide spanning residues Asn18 to Thr50 in the CBD and asked whether this segment could adopt a stable structure. This peptide yielded excellent diffraction-quality crystals, and the structure was solved using single-wavelength anomalous dispersion (Table S3 ). The 2.0-Å structure of the peptide reveals a single continuous α-helix spanning residues Arg20 and Ile47 (Fig.  3 ). The helix crystallized as a monomer, and a total of five residues, two at the N terminus and three at the C terminus, are disordered with no interpretable density. We observed no evidence for an oligomeric coiled-coil structure, as proposed previously ( Fig. 3 ) (5).
To test the importance of a helical structure in the CRTC2 CBD for its interactions with CREB, we introduced helix-disrupting proline mutations at less conserved positions (Fig. 3A) . Relative to wild-type, all three single-site proline mutants including Ser23Pro, Lys30Pro, and Ala38Pro exhibited CREB binding affinities that were almost three or more orders of magnitude lower than the wild-type protein ( Fig. 4B and Table S2 ). Collectively, these results suggest that a helical conformation is accessible to this sequence and is relevant for function.
Conserved Residues within CRTC2 CBD Are Important for CREB Interaction. We performed alanine scanning mutagenesis studies to rapidly identify residues in the CRTC2 CBD helix that stabilize the CREB-CRTC2 interaction. In gel mobility shift assays, addition of CREB or the more readily purified recombinant CREM-α polypeptide, which contains a nearly identical bZip domain to CREB, caused a substantial reduction in the mobility of a probe containing a somatostatin CRE (Fig. 4A) . Addition of increasing amounts of GST-CRTC2 (1-55) further reduced the mobility of the CREM:CRE complex, implying formation of a ternary complex. With the exception of the less-conserved segments (Fig. 3A) , alanine substitutions in the CBD disrupted ternary complex formation (Fig. 4A ), indicating that CRTC2 likely makes multiple contacts with CREB.
Next we evaluated ternary complex formation using single-site alanine mutants of CRTC2 CBD in FA assays. To facilitate reliable measurements of binding affinity, we conducted these studies with the gain-of-function Cys300Ser, Cys337Ser CREB bZip double mutant. Consistent with results from gel shift assays, alanine mutations of Phe40 and Met44-both invariant residues in CRTC orthologs and paralogs-had the most pronounced effects on binding; these Ala substitutions reduced the affinity of CRTC2 for CREB by at least three orders of magnitude ( Fig. 4B and Table S2 ). Alanine mutations of Gln33 and Lys30 moderately reduced bZip binding, whereas an alanine substitution at the poorly conserved Thr37 had negligible effects relative to the wild-type protein, consistent with its noninvolvement in CREB binding. On the other hand, mutation of the well-conserved residues Arg20 and Lys21 to glutamate severely diminished CREB-binding activity by more than 30-fold, implicating them in electrostatic interactions ( Fig. 4B and Table S2 ).
To gain further insight into the CRTC2-CREB interaction, we characterized a CRTC2 CBD peptide (amino acids 18-55) by solution NMR. In contrast to the helical conformation observed in the crystal, the peptide is essentially unstructured in solution, as evidenced by the poor dispersion and the narrow linewidths of the amide proton resonances (Fig. S4) . However, only 7 of the 40 expected CRTC2 correlations corresponding to flexible residues could be readily observed in the 32-KDa ternary complex, implicating the remaining 33 residues (approximately the same size as the helix seen in the crystal) in forming a rigid structural unit while engaging CREB (Fig. S4) . We obtained similar results for a longer CRTC2 peptide (amino acids 18-78). The presence of alcohol-a well known stabilizer of helical structures-during crystallization likely explains the apparent disparity between solution NMR and crystallographic analyses of the CBD (17) . Taken together, these results suggest that the CRTC2 CBD likely undergoes a coil-helix transition upon CREB binding. Indeed, the circular dichroism spectrum of the ternary complex is characterized by a significant increase in helical content (Fig. S5) ; because CREB bZip is almost exclusively helical when in complex with DNA (16), the increased helicity must be due to the acquisition of stable helical structure in the CBD.
Collectively, these structural and mutagenesis studies define the sequence and conformational requirements for efficient interactions of CRTCs with CREB. Within the helical motif of CRTC2 CBD, residues on one face of the helix and at both N and C termini of the helix seem to be critical for engaging CREB (Fig.  5 and Fig. S6 ), defining an extended protein-protein interface. CRTC2 CBD Targets the Groove Defined by the Monomer Units of the CREB Leucine Zipper Coiled-Coil. Arg314 in CREB has been shown to promote CRTC-CREB interactions, because mutation of this site disrupted complex formation (7) . Because the side chains of Arg314 along with those of Tyr307 and Gln321 are solvent exposed and define, in part, the groove of the bZip coiled-coil ( Fig.  2A ) (16), we asked whether these residues contributed directly to CRTC2 binding. Individual alanine substitutions at each of these sites reduced the affinity of CREB bZip toward GST-CRTC2 (1-55) by at least two orders of magnitude lower affinity relative to the wild-type protein. The Tyr307Ala mutation appeared particularly deleterious, with CRTC2 binding diminished by 2,000-fold.
Superimposed on their interactions with CRTC2, residues that define the bZip groove are also involved in intersubunit, noncovalent interactions (16) . Tyr307 engages in a hydrogen bonding interaction with Glu312, for example, whereas Arg314 forms a salt bridge with Glu319; Gln321 engages in a weaker hydrogen bonding interaction with Asn320. Indeed, single-site alanine mutations of Tyr307 and Arg314 reduced the affinity of the CREB-CRE interaction by 100-and 40-fold, respectively (Fig. 4C ), in line with the results of a previous study (18) . By contrast, the Gln321Ala mutant bound to the CRE with only slightly diminished affinity as the wild-type protein. Given the much stronger effects of these mutations on CRTC2 binding than DNA binding, these results implicate residues lining the groove between the monomer units of the CREB leucine zipper in direct interactions with CRTC2.
Discussion
Since their discovery in the late 1980s (19) , bZip factors have been among the most extensively studied families of transcriptional activators; they have served as the paradigm for understanding the basis for specificity of protein-protein interactions through their differential abilities to form homo-and heterodimers (1). Indeed, the rules for bZip dimer formation are well understood, and mechanisms by which homo-/heterodimerization then modulate DNA-binding preferences are also well documented. Although they often share overlapping DNA-binding specificities, bZip factors nevertheless exert diverse effects on cellular physiology, pointing to the potential involvement of additional coregulators that engage the transcriptional machinery.
Our studies provide insight into the mechanism by which CRTCs associate with CREB on cellular target genes. On the basis of the crystal structures of the apo-CRTC2 CBD and a CREB bZip-CRE complex (16), we propose that the CRTC2 CBD:CREB bZip:CRE ternary complex assembles with a 2:2:1 stoichiometry; each copy of the 28-residue CRTC2 CBD helix targets one of the two grooves formed by the dimeric CREB leucine zipper and the preceding spacer segment (Fig. 5) . The N terminus of the CBD helix is positioned proximal to the DNA, rather than distal to it, thus rendering this helix in a parallel orientation relative to the CREB leucine zipper (Fig. 5) . We favor this model because the CBD N terminus features several invariant basic residues (Arg20, Lys21, and Lys25 in CRTC2) that could serve to both orient the helix and enhance the stability of this complex by engaging the phosphate groups in DNA in electrostatic interactions. In support of this idea, acetylation of lysine residues in the CBD or their mutation to glutamine has been implicated in diminishing CRTC-CREB interactions (20) . The nonspecific interactions with DNA might explain why CRTCs engage CREB bound to diverse CREs with similar affinities. Unlike the basic region of CREB, the CRTC2 CBD harbors substantially fewer basic residues, explaining why it lacks intrinsic DNA-binding affinity.
An intriguing feature of the CREB bZip domain is the exceptionally high degree of sequence conservation that extends beyond those residues involved in stabilizing the homodimer and the protein-DNA complex. The involvement of some of these conserved residues in CRTC binding might explain why they are evolutionarily conserved. It also points to the potential involvement of other, as yet uncharacterized, cofactors that further modulate cellular gene expression through an association with the CREB bZip domain.
By binding to the CREB bZip:CRE complex in the manner described above, the CRTC proteins would be predicted to stabilize the complex, decreasing the dissociation kinetics and thereby increasing the residence time of CREB on DNA relative to other bZip factors that are unable to associate with CRTCs. In so doing, CRTC proteins can thus synergize with CBP/p300 coactivators, which target the KID domain of CREB (13), on some promoters. Rather interestingly, wild-type CREB exhibits similar affinities in the micromolar range for CBP/p300 and the CRTCs (21), implying that both sets of coactivators, when operating in isolation, are poised for rapid inactivation.
Our studies reveal that the DNA binding and dimerization properties of the CREB bZip can be uncoupled from its role as a transactivation domain. Cys310 and Gln321 seem to have a direct role in interacting with CRTCs, for example, but they do not seem to be necessary for DNA binding. By contrast, Tyr307 and Arg314 in CREB seem to participate in both DNA binding (by stabilizing the dimeric coiled-coil) as well as CRTC2 binding functions. Fig. 3 . A highly conserved motif in the CBD of CRTC2 forms a helical structure. (A) Multiple sequence alignment spanning the first 55 residues of CRTC2 orthologs and paralogs. The human, mouse, and rat versions of CRTC1, CRTC2, and CRTC3 sequences are identical in this segment. (B) A 2.0-Å crystal structure of a selenomethionine-labeled CRTC2 CBD peptide (residues 18-50) shown along with the 2F o -F c electron density map contoured at 1.5 σ. CRCT2 residues Asn18, Pro19, Gly48, Ser49, and Thr50 are disordered in the crystal with no interpretable density; Arg20 through Ile47 form a single continuous α-helix. Green spheres represent Zn 2+ ions, presumably from the crystallization buffer.
Of all of the mutations, the effects produced by the Cys300Ser mutation were the most unexpected, as evidenced by the substantial increase in CRTC2 binding activity relative to the wild-type protein in both transcriptional and in vitro binding assays. The origin of the enhanced CRTC2 binding activity is unclear but could be due to an uncharacterized allosteric effect caused by the Cys to Ser mutation. The contrasting roles of Cys300 and Cys310 in stabilizing the CRTC2 interaction raise the intriguing possibility that these residues might be targeted for redox regulation. In this regard, increases in nitric oxide signaling have been shown to increase CREB target gene expression through the S-nitrosylation of nuclear factors that bind to CREs (22) . We also note that Cys300 and Cys310 have both been implicated in functioning as oxygen sensors and modulating both CREB binding to CREs and the resulting transcriptional output in vivo (23) (24) (25) . Our results suggest that oxidation, S-nitrosylation, or other modifications of CREB on relevant cysteine residues may enhance or diminish target gene expression, in part, through modulation of CRTC recruitment to the promoter.
In summary, we have described how a bZip transcription factor uses a broadly distributed structural motif for its DNA-binding, dimerization, and transactivation functions. Our studies provide structural insights into how other bZip coactivators, such as HTLV-1 Tax, HBV pX, MBF1, and Chameau, could interact with this versatile motif (26) (27) (28) (29) (30) , thereby promoting the formation of interaction networks that extend to the transcriptional apparatus.
Materials and Methods
Production of CREB and CRTC2 Polypeptides. The gene sequence encoding CREB bZip (residues 285-341) was inserted into the pMCSG7 vector (31), sequenced to verify integrity, and expressed in Escherichia coli BL21(DE3) cells at 20°C. The protein was purified via Ni 2+ -affinity chromatography under denaturing conditions. The His 6 -tag was cleaved using tobacco etch virus (TEV) protease, and the protein was purified to homogeneity via reversed-phase HPLC. CRTC2 polypeptides spanning residues 1-116, 18-78, and 18-70 were expressed and purified in a similar manner.
The gene sequences for CRTC2 polypeptides spanning residues 1-55 and 1-65 were inserted into the pMCSG10 (31) and pGEX-5x1 vectors, their sequences confirmed by DNA sequencing, and the GST-fusion proteins expressed as discussed above for CREB bZip. Both GST-CRTC2 constructs were purified via glutathione Sepharose-affinity chromatography. Eluted fractions containing the proteins were pooled, dialyzed, snap frozen, and stored at −80°C.
CREB bZip and CRTC2 mutants for in vitro binding assays were generated using the QuikChange site-directed mutagenesis protocol; the CREB bZip triple Cys to Ser mutant was generated by gene synthesis. All mutations were confirmed by DNA sequencing. The mutant proteins were expressed and purified using the protocols for the wild-type proteins.
FA Assays. Fluoresceinated oligonucleotides 5′-Fl-CCTGACGTCAGCCCCCT-GACGTCAGG-3′ and 5′-Fl-CCTTACGTAAGCCCCCTTACGTAAGG-3′ designed to form hairpins and containing a single somatostatin or G6Pase CRE as well as the complementary oligonucleotides 5′-Fl-ATCTGCGTCAGAGT-3′ and 5′-ACTCTGACGCAGAT-3′ designed to form a duplex containing a half-site CRE found in the inhibin-α promoter (32) were purchased from Integrated DNA Technologies. Protein concentrations were measured spectrophotometrically (33) . To minimize cysteine oxidation, all CREB bZip peptides were incubated at 42°C in 6 M guanidine hydrochloride with 5 mM DTT and rapidly desalted immediately before use. Titrations were performed in 25 mM Tris·HCl buffer (pH 7.6) containing 150 mM NaCl, 5 mM DTT, 5% (vol/vol) glycerol, 0.1 mg/mL BSA, and 5 mM MgCl 2 . Samples were incubated for 15 min after mixing. Fluorescence data were acquired at room temperature either on a Biotek Synergy HT Microplate reader with excitation and emission wavelengths set to 490 nm and 520 nm, respectively. All titrations were performed at least in triplicate, and the data were fitted via nonlinear regression to standard equations using Kaleidagraph (Synergy Software) (34) .
Gel Mobility Shift Experiments. Gel mobility shift assays were conducted as previously described using a 32 P-labeled oligonucleotide probe containing a somatostatin CRE (35) , except purified phosphorylated CREM-α (a kind gift from Young-In Chi, University of Minnesota, Austin, MN), GST-CREB bZip, and wild-type/mutant GST-CRTC2 (1-65) peptides were used for these studies. The CREB-binding activity of the mutant proteins generated in the GST-CRTC2 (residues 1-65) background was evaluated by gel mobility shift assays. Crescendo bars indicate increasing concentrations of GST-CRTC2 (0.5, 1, and 2 μM). Filled circle, arrowhead, and star identify the locations of the free probe, CREB bZip-bound CRE, and the CRTC2:CREB:CRE complex on the gels, respectively. CRTC2 residues are highlighted according to the effect of the mutations, with light blue, orange, and red denoting small, moderate, and severe reductions, respectively, on CREB binding. (B) Reductions (log scale) in CREB-binding affinity of various CRTC2 alanine, glutamate, and proline mutants in the context of the somatostatin CRE. (C) Reductions (log scale) in CRE-and CRTC2-binding affinity (Left and Right, respectively) of various CREB mutants. Fig. 5 . Structural model for the interaction between CRTC2 CBD and CREbound CREB bZip. Undocked models of CRE-bound CREB bZip (Left) and CRTC2 (Center), with residues deemed functionally significant by mutagenesis studies colored in magenta and purple, respectively. The cysteine residue (Cys300) in bZip whose mutation to serine enhances the CREB-CRTC2 interaction is shown in cyan. (Right) A manually docked model based on mutational data and the crystal structures of CRTC2 CBD and CREB bZip bound to somatostatin CRE (16) (Protein Data Bank ID: 1DH3).
Tissue Culture and Luciferase Assays. HEK293T cells were grown at 5% CO 2 and 37°C in DMEM with 10% heat-inactivated FBS and 100 mg/mL penicillin/ streptomycin. Transient assays were performed with a cAMP responsive pXP2-EVX luciferase reporter (50 ng) cotransfected with wild-type or mutant CREB expression vectors (50 ng) containing an N-terminal HaloTag epitope tag alongside RSV-β-galactosidase vector (20 ng) using Effectene transfection reagent. Twenty-four hours after transfection, cells were treated with 10 μM FSK or DMSO (vehicle) for 4 h. Lysates were assayed for luciferase and β-galactosidase activities as previously described (5) . Comparable expression of wild-type and mutant CREB polypeptides was verified by Western blot assay.
Crystallography. A CRTC2 (18-50) peptide harboring selenomethionine (instead of methionine) residues at positions 44 and 45 was synthesized chemically using automated procedures and purified by reversed-phase HPLC. The identity of the peptide was verified by mass spectrometry. Crystals of the peptide were grown at 22°C in 100 mM Mes (pH 6), 150 mM zinc acetate, 3 M NaCl, and 12% ethanol using the hanging-drop vapor diffusion method. Crystals were transferred to the reservoir solution supplemented with 20% (vol/vol) glycerol. Diffraction data were acquired on the LS-CAT beamline 21-ID-F at the Advanced Photon Source and were processed using HKL2000 (36) . The structure was solved using single-wavelength anomalous dispersion method. Two selenium atoms were located, and phases were calculated by using SHARP/autoSHARP (37), followed by automated model building using ARP/wARP (38) . The model was further built, refined, and analyzed in Coot (39), REFMAC (40) , and PROCHECK (41) . Data collection and refinement statistics are listed in Table S3 .
NMR Spectroscopy. NMR samples were prepared in 10 mM sodium phosphate (pH 6.2) buffer containing 50 mM NaCl, 0.7 mM MgCl 2 , and 0.2% sodium azide. All data were acquired on a Varian Inova 600-MHz spectrometer equipped with a cold probe at 25°C. Backbone resonances were assigned by analyzing 3D CBCA(CO)NH and HNCACB spectra acquired for uniformly 15 N, 13 C-labeled samples of CRTC2.
Circular Dichroism Spectroscopy. CD samples were prepared in 10 mM sodium phosphate (pH 6.4) buffer containing 0.02 mM MgCl 2 . All data were recorded at 25°C on a JASCO J-815 instrument using a 10-mm pathlength dualchamber cuvettete.
SEC with inline MALS. SEC experiments were performed using a Superdex 200 HR column attached to an inline Wyatt Dawn Heleos II MALS detector and an Optilab T-rEX differential refractometer. Samples of proteins and protein-DNA mixtures at final concentrations of 100 μM were injected, and the scattering and refractive index profiles of the various molecular species were recorded. The experiments were conducted in 50 mM Mes buffer (pH 6.5) containing 150 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine, and 1 mM MgCl 2 . The refractive index increment (dn/dc) of the solute/ solvent system was calibrated with known standards before analysis. The molar mass of each resolved species was quantified using the ASTRA software provided by the manufacturer, Wyatt Technology. Note that because of the instrumental setup, there is a consistent ∼0.5-mL lag between when a peak is detected by UV (at 260 and 280 nm) and the appearance of the corresponding protein bands in the gel. To guide the reader, selected lanes in the gels have been annotated with arrows on top to identify the location of the peaks in the chromatograms corresponding to the GST-CRTC2 (1-55) protein. 1 H-15 N correlated spectra of the CRTC2 (18-55) peptide in the apo-(magenta) and in the ternary complex with CREB bZip bound to somatostatin CRE (cyan). The spectra were acquired and processed using identical parameters. The spectrum of apo-CRTC2 (18-55) bears the same hallmarks of unstructured peptides like apo-CRTC2 (18-78), but unlike apo-CRTC2 (18-78), it shows no evidence of time-dependent aggregation. Note that the resonance positions for most resonances, barring the nonnative tyrosine residue (Y56) at the C terminus, have changed in the ternary complex likely owing to their proximity to the binding interface. Because of the larger size of the ternary complex (32 KDa), the sensitivity of this spectrum is considerably lower and hence is plotted at fivefold lower threshold than the spectrum for the apo-protein. . Circular dichroism spectra reveal enhancement in helical content upon ternary complex formation. CD spectra of apo-CRTC2 (18-55; black) and CREB bZip:CRE complex (green); sum spectra recorded before and after mixing are shown in blue and red, respectively. Sample concentrations were 2.5 μM of double-stranded DNA harboring a somatostatin CRE and 5 μM each of CRTC2 (18-55) and CREB bZip. Data presented are averages of three scans. Notice the enhancement in intensity of the bands at 208 and 222 nm, characteristic of helical conformation, upon ternary complex formation relative to apo-CRTC2 CBD and the CREB bZip:CRE binary complex. Because the CREB bZip is already almost completely helical in complex with DNA (Protein Data Bank ID: 1DH3), we attribute the intensity enhancements to the acquisition of stable helical structure (notably absent in the apo-form) for CRTC2 CBD in the ternary complex. Values in parentheses are for the highest-resolution shell. *R sym = ΣjI obs − I avg j/ΣI obs where the summation is over all reflections. † From autoSHARP for acentric reflections. ‡ R-factor = Σj F o -F c j/ΣF o . § For calculation of R free , 4.3% of the reflections were reserved.
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